
1183

Hepatology Communications, VOL. 4, NO. 8, 2020� ﻿

Nicotinamide Adenine Dinucleotide 
Metabolome Is Functionally Depressed in 
Patients Undergoing Liver Transplantation 
for Alcohol-Related Liver Disease
Richard Parker ,1,2 Mark S. Schmidt ,3 Owen Cain,3 Bridget Gunson,1 and Charles Brenner 4

Nicotinamide adenine dinucleotide (NAD+) and related coenzymes play critical roles in liver function. Although hepatic 
alcohol metabolism depresses NAD+, current understanding of the NAD+ metabolome in alcohol-related liver disease 
(ArLD) is based on animal models. We used human liver samples to quantify the NAD+ metabolome in ArLD with 
samples obtained at the time of liver transplantation or resection at University Hospitals Birmingham National Health 
Service Foundation Trust. The severity of steatohepatitis in liver from patients with ArLD was assessed with stand-
ard liver function tests and histology. NAD-targeted quantitative metabolomic analysis of liver tissue was performed 
by liquid chromatography–tandem mass spectrometry. Seventy-two human liver specimens were analyzed, including 43 
with ArLD. The NAD+ metabolome differed significantly between different types of liver disease (two-way analysis 
of variance [ANOVA], P  =  0.001). ArLD liver tissue showed markedly depressed concentrations of NAD+ (432  μM 
vs. 616  μM in normal liver) and precursor molecules nicotinic acid and nicotinamide riboside. There was a signifi-
cant overall difference in the NAD+ metabolome between ArLD samples with and without steatohepatitis (two-way 
ANOVA, P  =  0.018). After correcting for multiple comparisons, a significant difference for individual components of 
the metabolome was observed for the concentration of NAD+ (mean, 462  μM vs. 322  μM; P  <  0.01 in nonsevere vs. 
severe alcoholic steatohepatitis, respectively). NAD+ concentration was inversely related to serum bilirubin concentra-
tion (r2  =  −0.127; P  =  0.04) and positively correlated with myeloperoxidase activity (r2  =  0.31; P  =  0.003). The concen-
tration of NAD+ and its precursor molecules are significantly reduced in ArLD and are associated with disease activity. 
Conclusion: Liver samples from people with ArLD show depressed NAD+ and precursor levels as well as depressed 
myeloperoxidase activity. (Hepatology Communications 2020;4:1183-1192).

Alcohol-related liver disease (ArLD) is com-
mon throughout the world and causes a sig-
nificant burden of morbidity and premature 

mortality.(1-3) ArLD follows a course from simple 
hepatic steatosis through steatohepatitis to cirrhosis 

and hepatocellular carcinoma. The exception to this is 
acute alcoholic hepatitis (AH), which can occur at any 
stage along this spectrum. AH is characterized clini-
cally by jaundice and liver failure(4) with steatohepa-
titis (alcoholic steatohepatitis [ASH]) and cholestasis 
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seen histologically.(5) AH is associated with poor 
short-term mortality, which has not improved over 
time despite multiple tested interventions.(6) Hepatic 
metabolism is markedly impaired in AH. For exam-
ple, urea disposal(7) and hepatic mitochondrial func-
tion(8) are significantly depressed.

Nicotinamide adenine dinucleotide (NAD+) is the 
central regulator of metabolism as coenzyme for hydride 
transfer reactions and as a substrate of NAD+-consuming 
enzymes, including sirtuins, which are responsible for 
NAD+-dependent protein lysine deacylation.(9) NAD+ is 
a hydride group acceptor in the oxidation of carbohydrates, 
amino acids, and fats, forming reduced NAD (NADH). 
NADH is reoxidized to NAD+ by the electron transfer 
chain in oxidative phosphorylation. In addition, NADH 
is also reoxidized to NAD+ in hepatic gluconeogenesis 
and ketogenesis. Obesity and type 2 diabetes moderately 
depress hepatic NAD+ while greatly depressing hepatic 
nicotinamide adenine dinucleotide phosphate (NADP+) 
and its reduced form (NADPH).(10) Alcohol metabolism 
depresses hepatic NAD+ concentration(11) on the basis 
of two successive oxidation reactions in which NAD+ 
is reduced to NADH.(12,13) This is accompanied by 
increased liver protein acetylation,(14,15) reduced hepatic 
adenosine monophosphate–activated protein kinase 
activity,(16) and reduced sirtuin-1 (SIRT1) expression 
and activity.(17,18) Depressed NAD+ synthesis in liver is 
associated with accumulated DNA damage and carcino-
genesis.(19) In addition sirtuins, particularly SIRT1, are 

protective against alcohol and obesity-induced hepatic 
injury(20-22) and require NAD+ as a cofactor.

Depression of the NAD+ metabolome can be 
counteracted by de novo NAD+ synthesis from tryp-
tophan or through salvage pathways from precursor 
vitamins, nicotinamide (NAM), nicotinic acid (NA), 
and nicotinamide riboside (NR).(23,24) In rodent 
models, hepatic carcinogenesis,(19) diet-induced 
steatosis,(25) alcohol-induced liver injury,(26) and 
fibrosis(27) can be counteracted by provision of NR 
while NA protects against alcoholic fatty liver.(11) 
Moreover, in mice, the condition of postpartum 
depresses the maternal hepatic NAD metabolome(28) 
and endogenous metabolism of NR is protective 
against diet-induced liver damage.(29) However, the 
present understanding of the normal and diseased 
hepatic NAD+ metabolome is based solely on animal 
models of ArLD. Here, we used human liver samples 
to assess the NAD+ metabolome in liver diseases 
and discovered functionally important and action-
able associations with clinical markers of disease.

Materials and Methods
HUMAN SAMPLES

Human liver specimens were obtained at the time of 
transplantation or resection of metastatic disease from 
University Hospitals Birmingham National Health 
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Service Foundation Trust. Collection and use of tis-
sue for research was approved by the research ethics 
committee (Birmingham Research Ethics Committee, 
reference 06/Q2708/11). All patients gave signed 
informed consent for the use of their tissue and data. 
All procedures involved in the research were performed 
in concordance with relevant guidelines and legal regu-
lations. Tissues were snap frozen in liquid nitrogen and 
stored at −80°C until use. Specimens were obtained 
from patients without hepatocellular carcinoma or 
cholangiocarcinoma who underwent liver transplanta-
tion for decompensated cirrhosis due to ArLD, nonal-
coholic fatty liver disease (NAFLD), primary sclerosing 
cholangitis (PSC), or primary biliary cholangitis (PBC). 
In addition, liver tissue was obtained from patients 
undergoing liver resection, usually for metastatic dis-
ease, who had otherwise normal background liver tis-
sue and who had not received adjuvant chemotherapy 
within 6 weeks of liver resection. Samples were taken 
from sites distal to the lesion that was resected.

Patients undergoing liver transplantation for ArLD 
were assessed for abstinence by addiction specialists 
and monitored with blood and breath testing for evi-
dence of alcohol use during their time on the trans-
plant wait list. During the period of this research 
project, there was an expectation of 6 months of absti-
nence before listing for liver transplantation. For con-
trol samples, clinical records were reviewed to exclude 
patients who consumed more than United Kingdom 
government-recommended amounts of alcohol 
(14  units/126  g of alcohol per week). Infection with 
hepatitis viruses was routinely excluded in all patients 
by testing for viral serology.

CLINICAL INFORMATION
The following routine clinical data were noted: age, 

sex, body mass index (BMI), and laboratory param-
eters. The presence and severity of ASH in liver tis-
sue specimens from patients with ArLD was based 
on a scoring system proposed by Altamirano and 
colleagues.(30) Fibrosis was excluded given that all 
specimens were fibrotic. Included in the histologic 
assessment were steatosis (scored 0-2), ballooning of 
hepatocytes (0-1), neutrophilic infiltration (0-1), bili-
rubinostasis (0-3), and megamitochondria (0-1), giv-
ing a final overall score up to a maximum of 8 points. 
ASH was defined as nonsevere/severe, with a cutoff of 
3 points or above.

QUANTITATIVE TARGETED 
ANALYSIS OF THE NAD 
METABOLOME

Sample extraction, liquid chromatography–mass 
spectrometry (LC-MS), and quantification were 
performed as described.(10,25) As the reduced coen-
zymes become oxidized and to some degree lost in 
extraction, the values of NAD+ and NADP+ are 
taken as indicators of the sum of hepatic NAD+ 
plus NADH and NADP+ plus NADPH. As a rule, 
most of the NAD+ plus NADH pool would be 
expected to be in the NAD+ form, whereas most 
of the NADP+ plus NADPH pool would be in the 
NADPH form.

MEASUREMENT OF OXIDATIVE 
STRESS IN LIVER TISSUE

Oxidative stress in human liver tissue speci-
mens was assessed by colorimetric assay (Cell Bio 
Laboratories, San Diego, CA) of glutathione content, 
malonaldehyde content, myeloperoxidase activity, and 
superoxidase dismutase activity, according to the man-
ufacturer’s instructions. This was performed when a 
sufficient quantity of sample remained after metabo-
lomic analysis; hence, results are not available for all 
43 patients with ArLD.

STATISTICS
When considering all diagnostic groups, overall 

differences in components of the NAD+ metabo-
lome were compared with one-way analysis of vari-
ance (ANOVA). When ArLD was compared to the 
aggregate values all other non-ArLD liver diseases, 
Student t tests were used because data were normally 
distributed. To consider individual components of the 
NAD+ metabolome (between normal and ArLD liver 
tissue or ArLD specimens with or without steatohep-
atitis), Sidak’s method to correct for multiple compar-
isons was used. Statistical analyses were performed in 
Prism v6 for Mac (GraphPad, San Diego, CA).

Results
In total, 72 human liver specimens were analyzed: 

43 specimens of liver from patients with ArLD, five 
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NAFLD specimens, five PSC specimens, five PBC 
specimens, and 14 specimens of normal liver (NL). 
Clinical characteristics of each group are shown in 
Table 1. Groups differed with regard to BMI, serum 
aspartate aminotransferase (AST) concentration, and 
serum glucose. These values were distributed as would 
be expected by each diagnosis. Histologic characteris-
tics of the samples from ArLD specimens are shown 
in Supporting Table S1.

THE NAD METABOLOME IS 
DEPRESSED IN ArLD

LC-MS analysis showed the NAD+ metabolome 
differed significantly between different types of liver 
disease (two-way ANOVA, P < 0.01) (Fig. 1; Table 2). 
In particular, specimens from ArLD liver showed 
markedly depressed NAD+ (432  μM vs. 616  μM in 
NL; P < 0.001) and NADP+ (99 μM vs. 236 μM in 
NL; P < 0.001) (Fig. 1A,E). Levels of NAD precur-
sors NA and NR were markedly lower in all liver  
diseases, including ArLD (1.94  μM vs. 5.74 in NL 
tissue and 4.0 μM vs. 19.6 in NL tissue, respectively) 
(Fig. 1C,G).

DEPRESSED NAD+ IS ASSOCIATED 
WITH CLINICAL AND 
HISTOLOGIC FINDINGS

Specimens from ArLD liver were grouped by the 
histologic severity of ASH. Of the 43 specimens 
analyzed, nine (21%) had severe ASH. There was a 

significant overall difference in the NAD+ metabolome 
between groups (two-way ANOVA; P = 0.03) (Fig. 2; 
Table 2). After correcting for multiple comparisons, 
a significant difference for individual components of 
the metabolome in liver tissue was observed only in 
NAD+ concentration (mean, 462  μM vs. 322  μM; 
P  <  0.01 in nonsevere vs. severe ASH, respectively). 
Comparison of metabolomic data with clinical and 
laboratory values showed a statistically significant 
inverse correlation between serum bilirubin concen-
tration and NAD+ content of liver tissue (r2 = −0.127; 
P  =  0.04) (Fig. 3), whereas AST, hemoglobin A1c 
(HbA1c), and BMI all trended in the same direction 
as bilirubin. There was little indication that alanine 
aminotransferase (ALT) or age had a meaningful 
correlation with hepatic NAD+ concentration in the 
sampled population.

ASSOCIATION WITH OXIDATIVE 
STRESS

ArLD is driven by oxidative stress caused by the 
metabolism of alcohol in hepatocytes(31) and is also 
associated with increased prevalence and severity of 
bacterial infections.(32) To further examine the asso-
ciation of NAD+ metabolites with disease activity, 
human liver samples were analyzed for glutathione 
levels and superoxidase dismutase activity and content 
of thiobarbituric acid reactive substances (TBARS) 
and myeloperoxidase activity. There was a trend toward 
lower glutathione levels and higher levels of superoxide 
dismutase activity consistent with an elevated burden 

TABLE 1. CLINICAL CHARACTERISTICS OF HUMAN LIVER SAMPLES

Normal n = 14 PBC n = 5 PSC n = 5 NASH n = 5
All non-ArLD 

disease n = 15 ArLD n = 43
P (one-way 

ANOVA)Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Age (years) 62.5 7.1 61.4 10.8 49.0 19.0 56.6 7.9 55.7 13.5 56.4 9.6 0.105

BMI (kg/m2) 30.4 6.5 26.7 3.0 24.4 2.7 32.5 32.4 27.8 4.9 27.6 4.3 0.028

Random 
glucose 
(mmol/L)

4.80 1.0 4.92 0.9 5.36 1.6 14.1 6.5 8.1 5.7 7.6 4.1 0.005

HbA1c (mol/
mmol)

58.7 6.4 23.0 7.1 30.7 4.0 46.7 19.1 34.8 15.0 30.1 11.8 0.002

AST (U/L) 29.0 9.6 87.5 87.5 93.8 45.3 44.0 14.8 79.3 39.4 54.6 27.5 0.005

ALT (U/L) 31.4 31.3 47.6 47.6 75.8 52.9 21.4 5.8 48.3 37.7 39.5 39.4 0.167

Bilirubin 
(mmol/L)

9.7 5.4 57.2 57.2 97.4 59.9 50.8 44.4 68.5 49.4 64.1 71.1 0.038
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of reactive oxygen species (ROS), whereas there was 
a clear depression of TBARS (9.88  μM vs. 25.7μM; 
Student t test, P < 0.001) and myeloperoxidase activ-
ity (27.2  mU/mL vs. 47.3  mU/mL; Student t test, 
P  < 0.001) compared to NL tissue (Fig. 4). In addi-
tion, myeloperoxidase activity correlated with NAD+ 
content of liver tissue (r2 = 0.31; P = 0.003) (Fig. 5).

Discussion
These data constitute the first report of the NAD+ 

metabolome in human liver biopsies. Using samples from 
explanted and resected liver tissue, we show that the con-
centration of NAD+ and precursor molecules are signifi-
cantly lower in ArLD compared to other liver diseases 

FIG. 1. NAD coenzymes and precursors are depressed in ArLD liver samples. (A,B) NAD+; (C,D) NA; (E,F) NADP+; (G,H) NR. Data 
are shown as mean and SEM; *P < 0.05 and ***P < 0.001, by Student t test.
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and NL tissue. The concentration of NAD+ is inversely 
correlated with disease activity, defined by histologic pres-
ence of steatohepatitis and serum bilirubin and decreased 
myeloperoxidase activity. The functional consequences 
of depressed NAD+ and NADPH concentration is to 
retard fuel oxidation and limit ROS-dependent antibac-
terial defenses in disease states, exacerbating and perpet-
uating liver injury. It is noteworthy that these changes 
persist despite abstinence indicating ongoing liver dam-
age and the possibility for therapeutic intervention.

The liver has the potential not only to produce 
NAD coenzymes but also to circulate NAD precursors 

to other tissues.(33,34) In this regard, it was interesting 
that levels of NA were strikingly depressed in liver 
diseases. It should be noted that there is no known 
mechanism for vertebrate formation of NA other than 
bacterial deamidation of NAM, which one would 
expect to occur largely in the gut.(23) This also consti-
tutes the first observation of a substantive NR concen-
tration in nonsupplemented human tissues. The role 
of endogenous NR metabolism has been heightened 
by recent observation that loss of hepatic nicotinamide 
riboside kinase 1 (NRK1) expression depresses liver 
function and that endogenous hepatic NRK1 expres-
sion declines in mice on a high-fat diet.(29,35)

Levels of nicotinamide mononucleotide (NMN) and 
NAM were unremarkable with respect to human dis-
ease state; however, several other metabolites appear to be 
characteristically dysregulated. Nonalcoholic steatohepati-
tis (NASH) liver samples had somewhat depressed levels 
of NAD coenzymes. Essentially, all the missing NAD+ 
and NADP+ was made up for by an increase in adenosine 
diphosphate ribose (ADPR; P = 0.019). PSC samples, on 
the other hand, had half the ADPR levels found in NL. 
These data suggest that ADPR-forming enzymes, such 
as poly(ADPR) polymerase plus poly(ADPR) glycohy-
drolase, might be overactive in NASH and depressed in 
PSC. Such NAD-consuming enzymes necessarily liberate 
NAM with production of ADPR-related metabolites.(9) 
Although NAM, N1-methyl-2-pyridone-5-carboxamide 
(me2PY), and me4PY levels were not modulated by 
disease state, the levels of N-methyl-NAM (MeNAM)  
were elevated in all disease conditions, suggesting that 
nicotinamide-N-methyltransferase activity may limit 
NAD salvage in human liver disease.(36)

TABLE 2. QUANTITATIVE ANALYSIS OF THE NAD METABOLOME IN LIVER DISEASE

Metabolite* Normal PBC PSC NASH ArLD ALD without ASH ALD with ASH

NAD+ 616 524 550 542 432 462 322

NADP+ 236 184 186 149 99 106 73

NMN 5.71 4.84 4.70 4.43 3.93 3.93 2.89

ADPR 202 180 98.2 339 178 188 141

cADPR 1.83 2.08 2.15 2.13 1.71 1.76 1.29

NR 19.6 13.6 27.1 6.5 4.0 3.23 7.27

NAM 155 170 212 155 165 164 142

NA 5.74 2.37 3.69 1.85 1.94 2.21 1.38

MeNAM 15.8 27.3 30.0 28.7 36.7 36.6 35.1

Me4PY 4.33 3.83 4.41 2.75 3.45 3.61 2.86

Me2PY 25.1 19.8 24.1 14.9 21.9 23.0 17.8

*Metabolites are expressed as mean values in μM.
Abbreviations: ALD, alcoholic liver disease; cADPR, cyclic adenine dinucleotide phosphate ribose.

FIG. 2. Histologically severe ASH further depresses the liver 
NAD metabolome with respect to nonsevere ASH. Steatohepatitis 
was described histologically as per the scoring system described by 
Altamirano et al.(30); severe disease in this cohort was defined as a 
cutoff of 3 points or greater. Data are shown as mean and SEM; 
*P < 0.05, by two-way ANOVA.
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FIG. 3. Depressed hepatic NAD+ correlates with higher bilirubin in human patients. *P < 0.05, by linear regression.

FIG. 4. Indications of depressed neutrophil infection defenses in ArLD liver tissue. (A) Glutathione; (B) TBARS; (C) myeloperoxidase 
activity; (D) superoxidase dismutase activity. Data are shown as mean and SEM; **P < 0.01, by Student t test.
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The depression of TBARS and myeloperoxidase 
activity compared to NL tissue could be inter-
preted as a defect in neutrophil functions required 
for antibacterial protection in the alcoholic liver.(37) 
Experimental models of liver disease have often 
indicated an increase in TBARS during the develop-
ment of liver injury, but TBARS has been noted to 
fall as fibrosis advances.(38) It is well recognized that 
steatosis falls away as fibrosis increases, so lipid sub-
strates may be less available in cirrhosis. Importantly, 
data from human liver regarding TBARS measure-
ments are lacking. Our observations may there-
fore reflect TBARS activity in advanced disease. 
Conversely, myeloperoxidase activity has frequently 
been described in the context of human alcoholic 
liver disease, and our observations are consistent 
with impaired neutrophil responses.(39) The associ-
ation with reduced NAD+ availability reinforces the 
link with defects in immune function.

This study has limitations. The necessary use of 
explant or resection material excluded patients who 
were actively drinking or those with clinically severe 

AH. These groups may be studied as laboratory tech-
niques improve and as early liver transplantation for 
severe AH becomes more widespread, allowing greater 
access to specimens for research purposes. Nevertheless 
histologic assessment of severity allows for careful 
extrapolation of our results to a wider population of 
patients with ArLD. For similar reasons, the very lim-
ited availability of NL tissue meant that we relied on 
resection specimens. We were careful to exclude those 
who drank hazardous levels of alcohol or with evi-
dence of liver disease, including a prior diagnosis of 
NAFLD, although we note that this group had, on 
average, a high BMI and HbA1c. Moreover, use of 
explanted tissue from patients who had undergone 
transplantation necessarily restricted data to end-stage 
disease. This may not accurately reflect earlier stages 
of ArLD.

The degree of active disease in transplant recipi-
ents is likely much less than patients without trans-
plantation because patients who are actively drinking 
are excluded from transplantation. Nevertheless, in 
common with other transplant programs around the 

FIG. 5. Association between myeloperoxidase activity and NAD+ content in liver tissue. (A) Glutathione; (B) TBARS; (C) myeloperoxidase 
activity; (D) superoxidase dismutase activity. ***P < 0.001, by linear regression.



Hepatology Communications,  Vol. 4, N o. 8,  2020 PARKER ET AL.

1191

globe, examination of explanted liver tissue occasion-
ally demonstrates a degree of steatohepatitis. This is 
thought to sometimes relate to covert alcohol con-
sumption,(40) although steatohepatitis can take some 
time to resolve even with abstinence.(41) The presence 
of steatohepatitis signifies active hepatic inflammation 
rather than simple “burnt-out” cirrhosis. As the key 
barometer of ASH,(42) it was interesting that biliru-
bin also showed a significant correlation with hepatic 
NAD+ concentration. It is notable that despite the 
period of abstinence, our data are comparable to 
observations in experimental models of ArLD where 
animals are actively consuming alcohol up to the time 
of analysis. Li et al.(11) observed lower hepatic NAD+ 
content in rats given ad libitum alcohol, while Wang 
and colleagues(26) showed that mice given chronic and 
binge alcohol levels for 10  days had reduced hepatic 
NAD+ content.

Animal models have also shown that methods 
to increase NAD+ content can improve alcohol- 
induced liver disease. In particular, supplementation 
of either NA(43,44) or NR(26) in rodent models can 
protect against alcoholic liver injury. On the basis of 
recent data showing that NR has the highest level of 
hepatic oral availability of the NAD+ precursor vita-
mins,(25) that endogenous NR metabolism protects 
the liver,(29,35) and that high-dose NR is safe and 
potentially valuable in and fatty liver,(45) measures to 
increase NAD+ content in human liver might be of 
clinical benefit. Vitamin B1 supplementation is well 
established in ArLD, primarily for the prophylaxis 
or treatment of Wernicke’s encephalopathy. Our data 
raise the intriguing possibility that vitamin B3 sup-
plementation may be beneficial for present or former 
abusers of alcohol, although this must be evaluated in 
clinical trials. We also note that the improved effi-
cacy of NR with respect to NAM has been observed 
in diseases and conditions in which the NR kinase 
pathway is induced and/or NAM salvage expression 
is diminished.(46-48)

In summary, these are the first data that describe 
the NAD+ metabolome in human liver. The data indi-
cate that two agents, NA and NR, which are protec-
tive in rodent models of liver disease, are depressed in 
ArLD and that the NAD+ metabolome is depressed 
in ArLD in ways that correlate with functional 
impairment of defense against infection. In combi-
nation with human safety and preclinical efficacy 
data of NA and NR,(31,37,49,50) these data provide the 

rationale for the investigation of vitamin B3 supple-
mentation in ArLD.
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